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i ABSTRACT

The ZnS-Ga 2S3 equilibrium phase diagram has been determined to 50

mol % over the temperature range 700 to 900 'C. Samples of various compo-

41 sitions were prepared via solid-state diffusion starting from powders of the

pure components. The identification of the phases was determined by x-ray

diffraction methods. The principal feature of the phase equilibria is the eu-

tectoid transformation at 818 'C of hexagonal wurtzite containing -16 mol

%Ga2S3 to cubic ZnS and tetragonal ZnGa 2S4. ZnGa 2S4 is the equilibrium

compound at 50 mol %Ga 2S3 , but it exists over a considerable range of stoi-

chiometry. The solubility of Ga 2S3 in ZnS increases with increasing tem-

perature to a maximum of -9 mol% at the eutectoid temperature.
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INTRODUCTION

ZnS is commercially used as an infrared.,(IRjtransmitting material

because of its good optical transmission up to 12 Ija and adequate mechan-

ical strength. However, ceramics with improved fracture toughness,

thermal-shock resistance and erosion resistance are absolutely essential

for certain IR-window applications. There are several possible approaches

to the engineering of ceramics with this combination of improved mechani-

cal properties while retaining infrared transmittance comparable to that of

ZnS. Our approach is to explore the possibilities of strengthening and

toughening ZnS by the addition of dispersions of particles of a second-phase,

with the dispersoids introduced into the microstructure by the appropriate

heat-treatment of densified samples. 2 ) '

The controlled introduction of second-phase precipitates into a mate-

rial by heat-treatment is a well-established procedure for strengthening

and toughening of metallurgical alloys. High-strength commercial alu-

minum alloys through precipitation hardening, and tough steels produced

by tempering are especially well-known examples. In ceramic materials,

precipitation hardening has been investigated in MgO single crystals con-

taining MgFe 204 (spinel) precipitates1 , while significant toughening has

been demonstrated in two-phase ceramics such as monocrystalline LiF

containing large MgF 2 particles 2 and various ZrO2 -containing ceramic

alloys 3 .

We are currently attempting to increase the strength and toughness

of ZnS ceramics through the addition of second-phase constituents, where

the second phase particles are introduced by heat treatment. In the specific



case of ZnS the second-phase additions should have intrinsically good IR

transmittance and a closely matching refractive index in order to minimize

optical attenuation losses due to scattering. This requirement places cer-

tain restrictions on the suitability of the ions added for alloying purposes.

Clearly, to explore the objective of improving the mechanical behavior

of ZnS through heat treatment, knowledge of solid-solid phase equilibria in-

volving ZnS and other sulfides is essential. Unfortunately, such data are

limited, and we have had to undertake the task of determining some binary

phase diagrams ourselves. Among the various possibilities we have con-

sidered, the ZnS-CdS and ZnS-Ga2S3 systems appear to be especially

promising for meeting all the requirements noted above. We have already

reported the results of the determination of the ZnS-rich portion of the ZnS-

CdS phase diagram4 , and have presented a preliminary version of the ZnS-

Ga2S 3 phase diagram5 . In this paper, we present the ZnS-Ga 2S3 phase dia-

gram to 50 mol% Ga2 S3 , at the same time refining the earlier version.

The first study of this phase diagram was made by Gates and Ed-

wards 6, using the simultaneous Knudson and dynamic torsion-effusion

method. They published the Ga2 S3 -rich end of the partial ZnS-Ga 2S3 phase

diagram, locating the phase boundaries to within ±15 °C. However, this

part of the diagram is of no interest for strengthening ZnS-based ceramics.

Malevskii 7 studied the ZnS-Ga 2 S3 system using the solid-state reaction

technique and published a partial phase diagram at the ZnS-rich end. His

work has established that the solubility of Ga 2S3 increases with increasing

temperature, and that the diagram contains a eutectoid reaction around

800 *C. The eutectoid reaction is such that wurtzite containing between 15
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and 20 mol % Ga 2S3 decomposes to form sphalerite and the thiogallate

phase ZnGa2S4.

ZnGa 2S4 itself is a good IR-transmitting material in the range 2.5 to

12 gm and has the 142m tetragonal crystal structure8 ,9 . The tetragonal

unit cell has lattice parameters, at and ct of 0.5297 and 1.0363 rm

respectively9. The lattice mismatch with cubic sphalerite ZnS (ac = 0.5410

nm) is very small, which probably accounts for the fairly large solubility of

thiogallate in sphalerite (despite the difference in valence between Zn and

Ga) reported by Malevskii. Also, the microhardness of ZnGa2 S4 has been

found to be close in value to that of ZnS 1° .

Based on the factors discussed above, it is clear that Ga2 S3 satisfies

the requirements for a suitable second phase addition. ZnS-rich solid solu-

tions should be precipitation hardenable, whereas alloys of near eutectoid

composition offer the prospect of microstructural manipulation by eutectoid

decomposition. Additionally, the expected decomposition product, ZnGa 2S4 ,

is optically compatible with ZnS. The major drawback to the development of

these "alloys" as IR materials is the accuracy of Malevskii's phase dia-

gram, because the compositions of the samples used in his investigation

differed by as much as 10 mol%. This was the main reason for undertaking

the current investigation.

EXPERIMENTAL

X-ray diffraction was the principal technique employed to investigate

the phase equilibria. Powders of ZnS ( 99.9%, Aesar) and Ga 2 S3 (99.99%,

Alfa) were used as starting materials for the preparation of alloys by solid-

state reaction. The method of preparation used in the present study was

3
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previously described by Chen et al.4 The powders were mixed, ground with

a mortar and pestle, sealed under vacuum in a fused silica ampoule and

heated to the reaction temperature. In order to assure that equilibrium

was attained, a solid-state sintering period of more than 10 weeks was used

at 700 'C, but shorter times were used at the higher reaction temperatures.

The various conditions are summarized in Table I. The intervals in com-

position of the samples were 1 or 2 mol% near the phase boundaries and 3

or 5 mol% elsewhere. We have found that the approach to equilibrium is

far faster for the mixed powders than for compacted samples of identical

composition. This is because the eutectoid decomposition reaction is very

sluggish.

The parametric method 11 and a modified version of the disappearing-

phase method 11,12 were used to establish the solvus compositions. The

choice of method was determined by the crystal structures of the equilib-

rium phases present. In particular, the x-ray diffraction peaks of wurtzite

are readily distinguished from those of the sphalerite and thiogallate

phases. However, the sphalerite and thiogallate phases are structurally

similar, and many of their peaks overlap. For this reason, the disappear-

ing phase method was used to determine the phase boundaries at 850 and

900 'C, where wurtzite is in equilibrium with either sphalerite or thiogal-

late, depending on composition. The parametric method was used to estab-

lish the phase boundaries between the low-temperature sphalerite and

thiogallate phases.

The parametric method takes advantage of the variation of the lattice

constants with solute concentration in solid solutions. It is a classical

technique which is thoroughly described by Cullityl l , and requires no fur-
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ther discussion except to note that NaC1 powder (99.98%, Fisher) was

mixed with the reacted samples for use as an internal standard in the x-ray

diffraction analysis. Ni-filtered Cu Ka x-rays were employed, with the

diffractometer operating in a digital step-scanning mode (0.01° for 10 or 20

5).

The basis of the disappearing phase method is that the fraction of a

particular phase present in the alloy is proportional to the integrated inten-

sity, I, of one of its x-ray peaks. Kiug and Alexander1 2 have shown that in a

two-phase mixture of, say, the wurtzite (w) and thiogallate (t) phases, the x-

ray intensity of wurtzite can be expressed as

Iw Xw w Xwlw
w( X±w~-) + gt = XwRw + Xtjt (1)

where Iw is the intensity of a specific wurtzite peak in the two-phase mix-

ture, Iwp is the intensity of the same peak, but when the material is 100 %

wurtzite containing its equilibrium concentration of Ga 2S3 (this is not pure

wurtzite), the 's are mass absorption coefficients of the two phases at their

equilibrium concentrations of Ga2 S3 , and the X's are the fractions by weight

of the two phases.

Equation (1) is not in an especially useful form because Iwp is difficult

to measure (measurement of Iwp requires the preparation of wurtzite con-

taining its equilibrium concentration of Ga 2S3 at a particular temperature,

which is precisely what we are trying to determine). To transform it into a

useful equation, we first write it as

-W I PW9 (2)
1w + It = IwpXwgw + ItpXtjt(
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which makes use of the counterpart of equation (1) written for the thiogal-

late phase instead. We then apply the lever rule, i. e.

Wo - Ww Wt - WoXw = tWw = -W

where Wo is the weight fraction of Ga 2S3 in the sample, and Ww and Wt are

the equilibrium weight fractions of Ga2 S3 in the wurtzite and thiogallate

phases, respectively. Substitution of these into equation (2) produces the re-

sult

1w Wo - Ww (3)
+pL t- - Wo)"lw+t-Wo-Wwlwptt~w )

Since the ratio ItpPtt/Iwpttw is constant within the two-phase W + T re-

gion at any specific temperature, and Ww < Wo < Wt, the ratio Iw/(Iw + It)

clearly varies between 0 and 1 as the equilibrium solvus compositions are

approached. If Itpg't/Iwpgtw were equal to unity the variation of Iw/(Iw + It)

with Wo would be linear. Such is not generally the case, however, which

introduces curvature into such plots even if the diffraction peaks chosen are

nearly equally intense when the relative proportions of the two phases are

approximately equal (i. e., when Xw - Xt - 0.5).

In the application of equation (3) to our experimental data, the (331)

sphalerite peak, the (0002) (2023 (2130) and (2131) wurtzite peaks, and the

(112) (316) and (413) thiogallate peaks were used for the intensity measure-

ments. The integrated intensities were calculated using the POW com-

puter program 13 . This program subtracts the Ka2 component and calcu-

lates the integrated intensities with a relative error of less than 2%.

6



RESULTS AND DISCUSSION

Phase Fields in the ZnS-ZnGa2S 4 Pseudobinary System

An analysis of the diffraction peaks identified the phases present in

the sample. The results are plotted in Fig. 1, where the shaded regions

indicate the positions of the phase boundaries consistent with the data. Pre-

liminary examination revealed the existence of three different solid solution

phases, namely sphalerite (S), wurtzite (W) and the tetragonal thiogallate

(T) and three two-phase fields (S + W, S + T, W + T). It is obvious that the

wurtzite solid solution must undergo the eutectoid transformation W - S +

T, but the eutectoid temperature and composition cannot be determined ac-

curately from the information in Fig. 1. All of these general features were

noted by Malevskii 7 , although his diagram is in disagreement with the data

in Fig. 1.

Quantitative Evaluation of the Phase Boundaries

Figure 2 shows examples of the use of the disappearing phase

method used to determine the S/W and W/T solvi at two different tempera-

tures. The intensity ratios Is/(Is + Iw) and Iw/(Iw + It) are plotted for the S +

W and W + T phase fields, respectively. The data were fitted by a fourth-

order polynomial for purposes of extrapolation to 0 and 100 % of the phases

present, and the intersections were taken as the equilibrium compositions.

The use of a high-order polynomial obviated the need to impose any as-

sumptions on the behavior of the intensity ratios with composition, and il-

lustrates the non-linear nature of equation (3).

-
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At 800 *C and below, the two-phase region consists only of sphalerite

and thiogallate, and, as already noted, the parametric method is more ac-

curate in this temperature range. Examples of its use are shown in Fig. 3.

For the ZnS-rich end, the lattice constant of sphalerite, a, is plotted vs mol

% Ga 2S3 using the angular position of the (331 sphalerite peak to calculate

a. The solvus compositions at 700 and 750'C are located at 5.1 and 6 mol%

Ga 2S3 . At the ZnGa 2S4-rich end, the positions of the (400), (316) and (413)

peaks were used to calculate at as a function of the mol % Ga2S 3 . The

boundary between the one and two-phase region is 44 % Ga 2S3 at 700 and

41% at 800 °C.

The ZnS-Ga 2 S3 phase diagram thus obtained from a combination of

the two methods is shown in Fig. 4. Extrapolation of the phase boundaries

between the one and two-phase fields was used to determine the eutectoid

composition and temperature, which were assumed to be the point of inter-

section of the high-temperature data. Since the data at high temperatures

were limited, the extrapolation produces results which are accurate only to

within about 1 mol %. Nevertheless, the coordinates of the intersection

point, namely 16 % Ga2S 3 and 818 °C, represent the best estimate of the eu-

tectoid composition and temperature currently available. A similar extrap-

olation applied to the phase boundaries at the sphalerite-rich and thiogal-

late-rich ends of the phase diagram places the compositions of the reactant

phases as -9 and -40 mol % Ga 2S3 , respectively. The phase boundaries

indicated by the shaded curves in Fig. 1 are consistent with those de-

termined quantitatively.

I
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We note that the solubility of ZnS increases with increasing tempera-

ture. Consequently, both eutectoid decomposition and precipitation harden-

ing can be potentially utilized to manipulate the mechanical properties of

ZnS-Ga 2S 3 ceramics, as discussed by Zhang et al.5

SUMMARY

The ZnS-Ga2 S3 phase diagram, from 700 to 900 °C and to 50 mol %

Ga 2 S3 , was determined using x-ray diffraction techniques from samples

prepared via the solid-state reaction of powders. The wurtzite (W), spha-

lerite (S) and tetragonal thiogallate (T) phases all exist over a considerable

range of stoichiometry. There is a eutectoid reaction at 818 0C in which W

(16 mol %) decomposes to S (9 %) + T (40 %). The solubility of Ga 2S3 in ZnS

increases with increasing temperature below the eutectoid temperature.
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Table I. Solid-state reaction conditions.

T (OC) Time hr)

700 1700

750 550

800 1400

850 910

900 385
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FIGURE CAPTIONS

Fig. 1 Phase map of the ZnS-Ga2S 3 system to 50 mol %. The shaded

regions show the most likely locations of the phase boundaries. The

open circles indicate the presence of sphalerite (S), the open squares

the presence of wurtzite (W) and the filled circles the presence of

thiogallate (T).

Fig. 2 Illustrating the use of the disappearing-phase method to determine

the boundaries between: (a) Wurtzite and sphalerite at 850 0C; (b)

Wurtzite and thiogallate at 900 *C.

Fig. 3 Illustrating the use of the parametric method to determine: (a) The

S/(S + T) solvus at 700 and 750 0C; (b) The T/(S + T) solvus at 700 and

800 'C. In (b), a refers to at.

Fig. 4 The ZnS-Ga 2S3 phase diagram to 50 mol %, from 700 to 900 'C.

13



WW

T

75D OOQ * GPO 00 0

7000 -0*...

mol % Go2S3
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